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Abstract
At a finite temperature, exotic hadronic systems, mass spectrum was studied using the quark structure
and the radial Schrödinger equation with the Cornell interaction potential representing the hadronic
interaction. The projective unitary representation has been used in the study of hadronic ground states in
physics. A relativistic bound state's mass spectrum with temperature dependence is shown to have a
unique feature. The resulting values are compared to experimental and theoretical values, and the study
showed a high level of conformity with additional values wherever feasible.
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1. Introduction
It is essential to investigate the hadronic system's
finite temperature dependence at great energy and
intense contact. This connection holds for various
possible models [1e4] and explains a previously unknown exotic hadronic bound state characteristic. The
radial Schr€
odinger equation, and an analytic approach
based on the correlation function behavior of hadronic
cores in a finite temperature strong field, are used to
depict interaction in temperature-dependent terms. The
binding energy and bound state mass are calculated
using this approach [5].
Exotic atomic and molecular states do not conform to
more conventional states. They include states involving
muons and pions and multiquark states. The exotic system is a multibody hadronic state investigated using
various potential and framework techniques, including
the microscopic cluster model, the quark-meson coupling
model, and the Gaussian expansion method. Recent
experimental studies of high energy hadronehadron
collisions have revealed many unusual states.
At finite temperatures, it has been demonstrated that
the mass spectrum can be significantly larger than
anticipated theoretically. The FINUDA Collaboration,
SKS, the DANE machine, the PANDA Experiment,
and KEK collected these experimental findings. Japan
Proton Accelerator Research Complex (J-PARC) is
projected to take on a new dimension and open up new
study areas for hadronic physics at finite temperature in
a brand-new operation in Japan. Thus, theoretical investigations can raise awareness and intrigue in
experimental interpretations.
Exotic bound systems in the form of di-hadronic
molecules are investigated in this research. A dihadronic molecule (di-mesonic molecule or di-mesonic
bound state) is a multiquarks state or a set of two
mesons bound together by a strong force [6]. The
exotic molecule states like BB; Bs B; D* D; Ds B; K * K * ,
etc. are identified as mesonic molecule states or exotic
mesonic molecules. B-meson contains anti-bottom, up,
down, charm, and strange quarks:
 þ

B : ub; B : db Bs : sb Bþ
c : cb




B : ub B : db; Bs : sb Bþ
c : cb; :

Thus, a BsB mesonic molecule can be presented as a
multi quark exotic state ðBs B : sbubÞ.
The energy and mass spectrum of the di-hadronic
molecules two-body systems with Cornell potential in
the lower and higher states are determined using the
correlation
functions'
Gaussian
asymptomatic
behavior. Furthermore, a relativistic correction to the
component core mass is derived.
The Schr€odinger equation and the constituent
meson component's mass calculate the hadronic
molecule's (constituent meson component's) mass
spectrum. The exotic system mass component is
defined via modifying correction. Cluster models are
effective in describing hadronic bound state masses
[7,8]. Consequently, the hadronic bound system is
investigated concerning the quarks constituent system
at a finite temperature; this notion, in conjunction
with the radial Schr€odinger equation, determines the
hadronic characteristic [9,10].
The studies propose that the charged component
particles of hadronic cores {(hadron)1 and (hadron)2}
at finite temperature, particularly quarks, may also be
utilized to define the new property of hadronic masses,
providing a plausible approximation for describing the
features of hadronic systems in both strong and weak
interactions. The mass of a hadronic-bound state in a
confining potential at a finite temperature is calculated
in this paper [11]:
Vðx; TÞ ¼ A1 ðx; TÞx þ A2 ðx; TÞx2 þ
A3 ðx; TÞx1 þ A4 ðx; TÞx2 :

ð1Þ

where x is the effective radius of the bound state, T is the
temperature and Ai are parameters.
As per the projective unitary representation (PUR)
[12,13]. The Hamiltonian of hadronic bound state
(h ¼ c ¼ 1) is defined as:
Hb Rðb
x Þ ¼ E[ ðm ; TÞRðb
x Þ:
pb2
pb2
Hb ¼ 2 þ 2 þ A1 ðx; TÞx þ A2 ðx; TÞx2 þ
2m1 2m2
A3 ðx; TÞx

1

ð2Þ

2

þ A4 ðx; TÞx :

and all of them have an anti-particle, which contains
bottom, anti-up, anti-down, anti-charm, and antistrange quarks:
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or can be expressed as
_ x Þ [ð[ þ 1Þ
2Rðb
xÞ þ
 A1 ðx; TÞx 

R̈ ðb
xb
2b
x2
ðx; TÞx2  A3 ðx; TÞx1  A4 ðx; TÞx12 þ
A20
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
B m22  2m2 E_[ , m21  2m2 E_[ C
C
B
þE[ Bqﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃC ¼ 0;
A
@
2
2
2
2
_
_
m1  2m E[ þ m2  2m E[

ð3Þ

and

where m1 ; m2 indicate the component mass (constituent mass) of hadronic cores in the bound system,
distinct from the remaining rest masses m1 and m2.
The components masses of the parameters are given
below.
We assume A2 ðx; TÞ ¼ A4 ðx; TÞ ¼ 0, and refer to it
as a Cornell potential in the previous equation to
simplify the calculation. As an exponential function
represents the nonzero temperature following the
Debye mass, the given function may be changed as
follows using approximation limits:
A1 ðx; TÞz  aðTÞmD xemD x x  aðTÞmD x;
A3 ðx; TÞzcðTÞemD x x
x0:5cðTÞmD x2  cðTÞxmD ;

ð3*Þ

where aðTÞ; cðTÞ; bðTÞ ¼ 0:5cðTÞ are parameters and
mD is the Debye mass, equal to zero at absolute zero
ðT0 Þ, or can be expressed as follows [12]:
A1 ðx; 0ÞzaðT0 Þ; A3 ðx; 0ÞzcðT0 Þ:
Additionally, the Debye mass of mesons is denoted
by the following value [12]:
mD ðTÞ y 11:025TaðTÞ ¼ aT

Consequently, the bound hadronic state mass is
denoted as the correlation function's asymptotic limit.
Therefore, the system's mass is calculated as follows:


m1 þ m2 m21 m2 þ m22 m1
M ¼ min E[ ðm; TÞ þ
þ
m1 ;m2
2
2m1 m2
ð4Þ
_
¼ m1 þ m2 þ mE[ ðm; TÞ þ E[ ðm; TÞ:

ð3**Þ

where
0 3 T3130MeV
and a ¼ 11:025aðTÞ is a parameter.
The radial Schr€
odinger equation has to be changed
to solve and explain the exotic hadrons experiment
findings [13]. By considering renormalization plus the
nonrelativistic limit, the modified equation yielded the
interaction Hamiltonian in quantum field theory
formalism, the scattering matrix, and the corresponding Feynman diagram [4,14]. The correlation function
between the field's associated current and the quantum
numbers calculates the particle's mass. It is related to
the Feynman functional path integral (FFPI) and npoint Green's function in quantum mechanics at the
nonrelativistic limit [13,15].

qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
m21  2m2 E_[ ðm; TÞ:
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
m2 ¼ m22  2m2 E_[ ðm; TÞ;
m1 ¼

ð5Þ

where E[ ðm; TÞ is the eigenvalue of the total Hamiltonian and
vE[ ðm; TÞ
;
E_[ ðm; TÞ ¼
vm
The m parameter represents the boundary system's
component mass.
1.1. Research aim
In this study, the exotic mesonic is defined in
this theoretical research as the Schr€odinger equation solution of a mesonic molecule-bound state in the Cornell
potential at finite temperature ð0:01MeV  T  5MeVÞ.
This opinion was formed using the PUR technique. As is
apparent, the quarks' behavior in their exotic states near
their deconfinement temperature is essential in settings
with high energy interactions, including quark stars,
strange stars, and compact stars. Calculations using
different models often provide imprecise results, and we
cannot forecast the exact mass value. The exotic particles'
mass spectrum must be predicted using relativistic
behavior. Consequently, the bound state mass spectrum at
a given temperature is presented using quantum field
theory, and a connection between the mass spectrum with
temperature is established.
2. Materials and methods
2.1. Projective unitary form of the Schr€odinger
equation
The behavior of the bound states and the relativistic
corrections to the Hamiltonian in a strongly interacting
environment at the finite temperature or near the
deconfinement (particle is free and move relatively
independently) and confinement temperature are
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largely unknown that various model predicts the mass
with temperature variation. The temperature-dependent
modified radial Schr€odinger equation (MRSE) for
Cornell potential is studied in different ways and
manners. In this article, the MRSE for the linear plus
inverse Coulombic potential at finite temperature is
solved (i.e., Cornell type potential). The RSE is
analytically solved using the PUR method.
In a theoretical and analytical manner, the projective unitary technique is one of the effective methods
for solving the RSE. Therefore, the inclusion of the
relativistic bound state at finite temperature is one of
the most interesting subjects of contemporary theoretical high-energy physics. This research is devoted to
investigating the main subject of bound states at finite
temperature. Thus, the mass spectrum of the constrained state (bound states) is determined by the
asymptotic behavior (at x/∞ limit) of the correlation
functions (CF) of the corresponding currents of the
charged particle over quantum distributions with the
exact quantum numbers. The CF and mass spectrum
which are described in terms of the FFPI and n-point
Green's function method in the Am ðxÞ external field
can be done thoroughly. As we know, the FFPI allows
us to allocate the required asymptotic manner of CF.
The resulting data are similar to the FFPI in Equations
(4) and (5) in the formalism of nonrelativistic quantum
mechanics. Hence, the inter-hadronic potential is
determined by the Feynman diagram, the resulting
exchange of the Am ðxÞ, and the mass in the RSE is the
constituent differing from the mass of the rest state of
the hadronic bound system [14]. Thus, thanks to the
building block mass of components (mesons) in the
bounding system and the effective inertial mass that
are defined, we can determine the relativistic modifi-






pb2
þ A1 ðx; TÞx þ A2 ðx; TÞx1 RðxÞ
2m
¼ E[ ðm; TÞRðxÞ;

ð6Þ

Then a correction to the constant parameters in
Equation (1) and make the potential interaction part
temperature-dependent in Equation (3*) and (3**),
Equation (6) reads as follows when the Debye mass is
used:
 2

pb
þ aðTÞaT x2 þ bðTÞaT  cðTÞaT RðxÞ
2m
ð7Þ
¼ E[ ðm; TÞRðxÞ:
Quantum field theory describes systems with finite
temperature as a limitless number of oscillators
maintaining their oscillating characteristics throughout
interactions. To use quantum field techniques [14],
must be replaced in the equation for the Cornell potential's linear and nonlinear contact components (4).
From Equation (2), we will define the eigenenergy,
mass spectrum, and wave function by applying the
PUR method [13]. The PUR technique is generally
used to define and determine the eigenenergy value,
energy levels, and wavefunction of the restricted
mesonic states or multi-body bound states. The wavefunction of the exotic mesonic molecules has the form:
jðb
rÞ ¼ b
r [ Y[m ðq; 4ÞRðb
r Þ:
Now let us consider large distances. Usually, we can
find the asymptotic behavior of the wave function Rðb
xÞ
for xb/∞ analytically. Let this asymptotic be
 
ð8Þ
xb ¼ qb2r / Rðb
r Þ ¼ qb2r[ F qb2 ;
where r is a parameter and for the class of Coulomb

pb2q
þ 4mr2 qb4r2  aðTÞaT qb4r þ bðTÞaT qb2r  cðTÞaT  E[ ðm; TÞ
2

cations and corrections to the strong interconnection
Hamiltonian at the finite temperature.
The RSE for the exotic meson bound state has linear
and nonlinear components that describe the possibility
of interactions between clusters (hadronic cores) at the
nonzero temperature reads:

439


F ¼ 0;

ð9Þ

potential r ¼ 1, for Carnell potential r  0:5.
When more considerable distances are involved, the
wave function must have a Gaussian solution; therefore, the Hamiltonian is used with the PUR variables
from Equations (8) and (7). In a new auxiliary space
ðb
q 2r Þ, Equation (7) is obtained:
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e0 ðE[ ; TÞ ¼
bp q
2

¼

2

þ 4mr2 qb4r2 f  aðTÞaT qb4r bðTÞaT qb2r g

4mr2 qb4r2 f  E[ ðm ; TÞ þ cðTÞaTg:
ð13Þ
The following Equation (13) may therefore be
rewritten:
e0 ðE[ ; TÞ ¼ XðT; u[ Þ  E[ YðT ; u[ Þ ¼ 0:
and then, using PUR conditions, we determine
Fig. 1. The mass spectra of BB an exotic mesonic molecule in the
n ¼ 1; 2; 3; [ ¼ 0 levels as a function of T in MeV. 0:151  a 
0:189ðGeVÞ2 , 0:001  c  0:003, 0:01MeV  T  5MeV, and
mB ¼ 5:280GeV.

where
ab þ abþ
qb ¼ pﬃﬃﬃﬃﬃﬃﬃﬃ ; pb2q ¼
2u[

rﬃﬃﬃﬃﬃﬃ 
u[ ab  abþ
;
2
i

ð10Þ

where u[ is the pure oscillator frequency, [ is the
orbital angular momentum quantum number, the creation operator is ðb
a þ Þ, the annihilation operator is

ðb
a Þ, and qb; pb are the oscillator canonical variables,
can be written in the form of operators ð ab Þ; ð abþ Þ.
Based on the PUR condition, the corresponding canonical variables are derived as Wick orderings
[15e18]:
rﬃﬃﬃﬃ

u
i
ab ¼
qb þ pbq ;
2
u[
ð11Þ
rﬃﬃﬃﬃ

u
i
þ
qb  pbq ;
ab ¼
2
u[
and
ð2 þ 2r þ 4r[Þ
u[ þ : pb2q : :
2
1
þ : qb2 : :
qb2 ¼ ð2 þ 2r þ 4r[Þ
2u[

pb2q ¼

ð12Þ

The interaction Hamiltonian includes all non-square
components of the term : qb2n :; :b
p 2n
q : (a condition in
Wick ordering), so we can then discover the renormalization of the bound state parameters, including the
wave function, which enables us to introduce the PUR
using the zero approximation and afterward find the
eigenvalue of the ground state energy e0 ðE[ ; TÞ.
Therefore, the following Equation (6) is constructed
based on Equation (8) (for a more thorough explanation, see Ref. [13]):

e0 ðE[ ; TÞ ¼ 0;

de0 ðE[ ; TÞ
¼ 0;
du[

ð14Þ

The bound system's minimum ground state energy
may now be determined using zero approximation
[13]. Therefore:
ð1:5 þ [Þ
u[  ð1:5 þ [ÞaðTÞaTu1
[
2m
rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ð1:5 þ [Þ
bðTÞaTu[0:5  cðTÞaT;
þ
2

E[ ðm; TÞ¼

ð15Þ

and
bðTÞmaT
U4[  pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃU[ þ 2aðTÞmaT ¼ 0:
0:5ð1:5 þ [Þ
vE[ ðm; TÞ
ð1:5 þ lÞ 2
E_[ ðm; TÞ ¼
¼
U[ :
vm
2m2

ð16Þ

pﬃﬃﬃﬃﬃ
where U[ ¼ u[ is a new parameter.
Therefore, using Equations (4) and (16), the mass
spectra of the constrained states may be calculated.
The findings may now be utilized to compute the
bound state mass and binding energy via a fully
modified radial Schr€odinger equation. Total Hamiltonian is used for calculation simplicity regardless of
spinespin, spin-orbital, or tensoretensor interactions
and their effects at finite temperature states.
3. Hadronic exotic constrained state
In this method, PUR [12] is added to the eigenenergy and mass spectra of the constrained state.
Consequently, in nuclear physics, the correctness of
PUR may be determined by comparing it to the findings of other computations. If the hadronic core's mass
is suitably large, the hadronic system's energy spectrum
may be defined. Consequently, the systems' energy
spectrum may be calculated via utilizing PUR and the
quantum field theory. In this instance, the interaction
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Table 1
Mass spectra of exotic hadronic systems.
Result of this work (GeV)
M
[¼0, T z 0.01 MeV
[¼1, T z 1 MeV
[¼1, T z 5 MeV

BB
10.660
11.172
11.715

*

*

*

Bs B*s
10.881
11.214
11.937

B* B
10.714
11.146
11.815

B*s Bs
10.978
11.345
12.021

BB
10.652
11.024
11.867

Bs B
10.649
11.015
11.907

e
e

10.65
10.648
10.603
10.494

e
e
e
10.771

10.61
10.602
10.56
10.542

e
e
10.62
10.594

Results of other works (GeV), T¼0
M
M
M
M

[26]
[27]
[28]
[29]

10.56
e
10.51
10.410

10.690

potential is a Cornell type, and the mass and binding
energy spectrums are produced by multiplying Equation (16) by the component mass given from Equation
(5) [19e21]. Afterward, the bound parameters, which
are comprised of ðhadronÞ1 and ðhadronÞ2 are found.
Numerous writers calculated the mass and the
binding energy of hadronic systems at a finite temperature using various nuclear physics techniques
based on possible phenomenological models and field
methods. In these techniques, the cluster masses are
selected as free parameters. The Particle Data Group2020 [22] provides the following experimentally
confirmed limitations on hadron masses:
mB ¼ 5:280GeV; mB* ¼ 5:324GeV;
mBs* ¼ 5:415GeV; mBs ¼ 5:366GeV
Additionally, the constant temperature parameters
are determined from experimental data collected across
the following range:
0:15  a  0:19ðGeVÞ
0:002  c  0:003

2

ground state, and
0:15  a  0:19ðGeVÞ
0:001  c  0:002
1MeV  T  5MeV

2

in the excited states' starting states and the lack of
spineorbit interactions.
The bound system's component mass [23e25] and
binding energy were determined via the rest mass plus
orbital quantum numbers.
The mesonic molecules' mass spectrum in the [ ¼
0; 1; for T ¼ 0:01; 1; 5 MeV, is described numerically
in Table 1, and then to assess schematically the effect

of the finite temperature, the plot of the mass spectra of
the BB states in the n ¼ 1; 2; 3; 4 for [ ¼ 0 are presented in Fig. 1.
4. Conclusion
The Schr€odinger equation's bound state solution for
hadronic molecules at a finite temperature and a Cornell potential is determined in this paper utilizing the
projective unitary representation. We characterized the
temperature dependency of heavy mesonic molecules,
*
*
*
including BBBs B*s BB Bs B, B*s Bs and B* B . In highenergy contacts, the relativistic mass-temperature
connection was developed. At zero and finite temperatures, we have characterized the heavy exotic compounds' mass spectrum.
Temperature dependency was found by treating
nonzero temperature as an exponential function and
modifying the Debye mass. The findings establish that
mesonic atoms mass spectra with nonzero and zero
temperatures may represent a novel property of hidden characteristics. According to the findings, the
study's theoretical results are expected to open new
avenues for new theoretical knowledge of exotic
bound systems due to the work's outstanding and
similar results to previous theoretical or experimental
studies.
The theoretical data gained may be used in a future
study, potentially opening up new possibilities for
identifying unique characteristics of unusual hadronic
systems. We showed that the temperature dependence
of exotic molecule mass in Table 1 was significantly
different in the ground state at T ¼ 0; 0:01MeV and in
the more excited states at 1MeV  T  5MeV. The
temperature-dependent will be enhanced by raising the
orbital quantum number [, which is also based upon
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PUR. We have accurately calculated that the component particles' mass in mesonic molecules rises as the
temperature increases.
Nevertheless, based on equations (15) and (16), we
anticipate that at very high temperatures T/ ∞; the
connection between temperature and bound state mass
must change fundamentally, i.e., exotic hadronic molecular “bound states” cannot exist. Our findings:
i) A procedure for calculating the relativistic
correction associated with the relative motion and
strong interaction of mesonic molecules at finite
temperature in a system has been elaborated. The
relativistic corrections for mass have been determined analytically based on QFT and PUR
methods. The use of methods and idea of the PUR
in solving quantomechanical problems, i.e., the
modified Hamiltonian in normal form (standard
form) in terms of the abþ ; ab operators, allows us to
evaluate the mass spectrum for the lower and
higher energy levels.
ii) The temperature-dependent MRSE is described by
using the Cornell potential and the PUR approach.
The mathematical statement for the constrained
mass at finite temperature is presented. Results are
used for describing temperature dependence mass
spectra of exotic di-mesonic molecules. Consequently, studying for an analytical solution of the
MRSE for the well-known potential within the
substructure of QFT could present and provide
helpful information of exotic bound states. The
temperature-dependent MRSE opens a new
perspective for further researches and confirmation.
Authors can conclude that the theoretical outcomes
of the bound state are expected to enable new
possibilities of the exact and more general nature of
the results at very high temperatures.
iii) We have been presented the numerical outcomes
for some exotic mesonic molecules in Fig. 1, and
we have seen that the present potential model for
describing the mass of the mesonic molecule at
zero and nonzero temperatures are quite a good
candidate for hadronic physics in a brand-new
operation in FINUDA, DANE, PANDA, KEK experiments. Thus, this theoretical investigation can
raise awareness and intrigue in experimental
interpretations.
Finally, we can deduce that the outcomes of this
theoretical study in the form of the PUR approach will
enable us to solve relativistic quantum problems,
including the relativistic effect of mass and relativistic

effect on the bound states in High Energy Physics
based on the relativistic Schr€odinger equation.
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[9] M. Liu, K. Wang, Q. Lü, X. Zhong, u- baryon spectrum and
their decays in a constituent quark model, Phys. Rev. D 101
(2020) 16002e16016. https://doi: 10.1103/PhysRevD.101.
016002.
[10] P. Gubler, T. Song, S. Lee, D-meson mass and heavy quark
potential at finite temperature, Phys. Rev. D 101 (2020)
114029e114039. https://doi: 10.1103/PhysRevD.101.114029.
[11] M. Abu-Shady, T. Abdel-Karim, E. Khokha, Binding energies
and dissociation temperatures of heavy quarkonia at finite
temperature and chemical potential in the n-dimensional space,
Article ID 7356843, Adv. High Ener. Phys. (2018) 1e12,
10.1155/2018/7356843.
[12] M. Rushka, J. Freericks, A completely algebraic solution of the
simple harmonic oscillator, Am. J. Phys. 88 (2019) 976e985.
https://doi:10.1119/10.0001702.
[13] M. Dienykhan, G. Efimov, G. GanboldS, N. Nedelko, Oscillator
Representation in Quantum Physics, first ed., Springer-Verlag,
DE, 1995.
[14] M. Fujiwara, T. Shima, Electromagnetic Interactions in Nuclear
and Hadron Physics, first ed., World Scientific Publishing,
USA, 2002.
[15] J. Kelley, J. Leventhal, Problems in Classical and Quantum
Mechanics, first ed., Publishing Springer- Verlag, DE, 2017.
[16] A. Bondar, R.-V. Mizuk, M. Voloshin, Bottomonium-like states:
physics case for energy scan above the BBthreshold at Belle-II,
Mod. Phys. Lett. A 32 (2016) 17500250e17500261. https://doi:
10.1142/S0217732317500250.
[17] R.J. Gould, Electromagnetic Processes, Princeton University
Press, USA, 2006.
[18] A. Jahanshir, Di-mesonic molecules mass spectra, Ind. J. Sci.
and Tech. 10 (22) (2017) 1e5. https://doi:0.17485/ijst/2017/
v10i22/98845.

443

[19] P. Ortega, D. Entem, Coupling hadron-hadron thresholds within
a chiral quark model approach, Symmetry, Basel 13 (2021)
1e24. https://doi: 10.3390/sym13020279.
[20] Z.-G. Wang, X.-S. Yang, Q. Xin, Tetraquark molecular states in the
DD-D*D* mass spectrum, arXiv:2106.12400v1 [hep-ph] (2021).
[21] G. Yang, J. Ping, J. Segovia, Tetraquarks in the chiral quark
models, Phys. Rev. D 103 (2021) 74011e74030. https://doi: 10.
1103/PhysRevD. 102.054023.
[22] P. Zyla, Particle Data Group, 2020.
[23] R. Faustov, V. Galkin, E. Savchenko, Heavy tetraquarks in the
relativistic quark model, Universe 7 (2021) 13e21. https://doi:
10.3390/universe7040094.
[24] C. Roberts, New trends in hadron physics: a few-body
perspective, Few Body Syst. 62 (2021) 1e2. https://doi: 10.
1007/s00601-021-01616-1.
[25] Z.-S. Chen, Z.-R. Huang, H.-Y. Jin, T. Steele, Z.-F. Zhang,
Mixing of X and Y molecular states from QCD Sum Rules
analysis, arXiv:2106.10868 [hep-ph] (2021).
[26] B. Yazarloo, H. Mehraban, Mass spectrum and decay properties
of heavy-light mesons: D, Ds, B and Bs mesons, Eur. Phys. J.
Plus 132 (2017) 2e8. https://doi: 10.1140/epjp/i2017-11335-x.
[27] D. Rathaud, A.-K. Rai, Interaction and identification of the dihadronic molecules, Few Body Syst. 60 (2019) 1e12. https://
doi: 10.1007/s00601-019-1507-y.
[28] S. Rahmani, H. Hassanabadi, Mass spectra of meson molecular
states for heavy and light sectors, Chin. Phys. C 41 (2017)
93105e93113. https://doi: 10.1088/1674-1137/41/9/093105.
[29] [a] D. Rathaud, A.-K. Rai, Molecular-like states in the bottomonium sector, Proceedings of the DAE Symp. Nucl. Phys. 60
(2015) 680e681;
[b] D. Rathaul, A.-K. Rai, Dimesonic states with the heavylight flavor mesons, arXiv:1608.03781 [hep-ph] (2016).

